Abstract. The SLC5A8 gene encodes Na monocarboxylate transporter 1, which is epigenetically inactivated in various tumour types. This has been attributed to the fact that it prevents the entry of histone deacetylase (HDAC) inhibitors and favours the metabolic reprogramming of neoplastic cells. Nevertheless, its expression and regulation in cervical cancer (CC) have not been elucidated to date. The aim of the present study was to investigate whether SLC5A8 expression is silenced in CC and if epigenetic mechanisms are involved in its regulation. Using RNA and DNA from human CC cell lines and tumour tissues from patients with CC, the expression of SLC5A8 was analysed by reverse transcription polymerase chain reaction and the methylation status of its CpG island (CGI) by bisulphite-modified sequencing.
Introduction
Cervical cancer (CC) is a common malignancy among women worldwide. According to the Global Cancer Incidence, Mortality and Prevalence 2018 surveillance data, the estimated incidence rate is 570,000 new cases per year worldwide, although the majority occur in developing countries (1) . Persistent infection with high-risk human papillomavirus (HR-HPV) serves a crucial aetiological role in this disease. Nevertheless, HPV alone is not sufficient to trigger malignancy. Additional genetic events and environmental cofactors are required for the development of CC (2) . Likewise, epigenetic alterations contribute to aberrant gene expression or function during each stage of the tumourigenic process (3) .
The most characterized epigenetic mark is DNA methylation at the cytosine of CpG dinucleotides, followed by modifications of histone proteins that mediate the packaging
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of DNA into chromatin. The interplay of these mechanisms regulates gene expression through controlling chromatin conformation (4) . Under normal conditions, CpG methylation is observed over repetitive elements to prevent chromosomal instability and over CpG islands (CGIs) associated with the 5' region of certain genes, switching off their expression when not required, e.g. for X-chromosome inactivation in females, or for transcriptional silencing of tissue-specific genes. Aside from that, deregulated CpG methylation has been described in diverse disease states, including cancer (5). The CGIs in or near promoters of multiple tumour suppressor genes (TSGs) gain a high density of de novo methylation, leading to their improper transcriptional silencing and consequently contributing to carcinogenesis (6) . Hence, there is a growing effort in defining the genes affected by this mechanism in cancer research, and our interest lies in identifying potential molecular targets for treatment of CC and/or potential biomarkers for the diagnosis and prognosis of this disease. The idea that plasma membrane transporters can also function as tumour suppressors has received little attention in cancer (7) . Despite this, Na + -coupled monocarboxylate transporter 1 (SLC5A8) was identified as a TSG in colon cancer (8) and its silencing is a recognised characteristic of other cancers (9) (10) (11) , yet, to the best of our knowledge, no studies exist regarding its expression in CC. SLC5A8 is a Na + -coupled co-transporter for monocarboxylates, including short-chain fatty acids, such as propionate and butyrate, as well as pyruvate, all of which are known to inhibit histone deacetylases (HDACs) (7, 10, 11) . Certain studies have documented that the transporter silencing is caused by hypermethylation of the CGI around its promoter, and that restoration of its expression leads to cell growth suppression associated with its ability to import the aforementioned HDAC inhibitors (8, 12) . In contrast, lactate, which is another substrate of SLC5A8, does not inhibit HDACs (11, 13, 14) . Since the kinetics of SLC5A8 favour the import of this metabolite instead of its export, neoplastic cells, which already generate excessive lactate by glycolysis, may also suppress the expression of this transporter to counteract the high levels of acidity that can have harmful consequences for these cells (11, (13) (14) (15) .
Upon HR-HPV infection, viral E6 and E7 oncoproteins induce the expression of DNA methyltransferases (DNMTs) and modulate the activity of histone modification enzymes, as well as chromatin remodelling enzymes (16, 17) , resulting in the silencing of TSGs and the expression of oncogenes. Given that SLC5A8 epigenetic inactivation contributes to carcinogenesis and tumour progression, the aim of this study was to investigate whether SLC5A8 expression is silenced in CC. It was revealed that SLC5A8 is transcriptionally inhibited in CC cell lines and tumour tissues (TTs). The abnormal DNA methylation patterns of the SLC5A8 CGI were characterized and its methylation status was measured. Furthermore, the epigenetic reactivation of SLC5A8 expression in CC cell lines was demonstrated by pharmacological inhibition of DNA methylation and histone deacetylation. Collectively, the present results demonstrate that the repression of SLC5A8 is a common event in this malignancy and highlight a clear association between DNA hypermethylation and loss of SLC5A8 expression.
Materials and methods
Cell lines. Five human CC cell lines (HeLa, CaLo, SiHa, CaSki and C-33A) were used for SLC5A8 expression assays and DNA methylation analyses. Embryonic kidney 293 and colorectal cancer HCT116 cell lines were used as positive and negative controls of expression, respectively. All cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA), except for CaLo, which was a gift from B. Weiss-Steider (Molecular Oncology Laboratory, Cell Differentiation and Cancer Research Unit, Faculty of Higher Studies Zaragoza, National Autonomous University of Mexico, Mexico City, Mexico). The cells were cultured in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, Inc. Waltham, MA, USA), supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, in a humidified 5% CO 2 incubator at 37˚C.
Human cervical tissue specimens. The human tissue samples analysed in this study (n=30) were obtained from patients under cervical tumour banking protocols (April 2010-August 2012). Approval was obtained from the Institutional Ethics and Scientific Board Committees at the National Cancer Institute of Mexico. The TTs came from female patients diagnosed with primary CC aged 20-60 years, who signed an informed consent form. All tumours were confirmed by clinical pathological examination previous to this study at the Department of Pathology of the National Cancer Institute (Mexico City, Mexico). The staging criteria for cervical cancer were in accordance with the FIGO (International Federation of Gynaecology and Obstetrics) guidelines (18, 19) . The sample eligibility criteria were: Patients with a confirmed pathologic diagnosis of FIGO stage IB2-IIIB CC, biopsies with >80% tumour cells, and cases with no previous oncological treatment. TTs were obtained from punch biopsies (3-5 mm in diameter). Each biopsy sample was split into 3 sections: One for pathological confirmation, one for RNA extraction, and one for DNA isolation. The sections destined for nucleic acid extraction were snap-frozen in liquid nitrogen and stored at -70˚C. Additionally, 6 non-tumour cervical epithelial tissues (NCTs) were collected from patients who had originally presented with abnormal cervical screening, but in further tests were not diagnosed with cervical cancer.
DNA extraction from patient samples and HPV genotyping.
DNA was isolated from cervical tumour biopsy samples with a MagNAPure Compact instrument (Roche Diagnostics GmbH, Mannheim, Germany), according to the manufacturer's instructions. HPV genotypes were evaluated using the Roche Linear Array HPV Genotyping test (Roche Diagnostics GmbH) and by an MY/GP nested multiplex polymerase chain reaction (PCR) with subsequent PCR fragment direct sequencing, as previously described by Sotlar et al (20) .
RNA extraction. Total RNA was obtained from harvested cells or frozen ground tissues using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). The extraction was performed as per the manufacturer's protocol. All samples underwent treatment with DNase I (Ambion; Thermo Fisher Scientific, Inc.). RNA purity and concentration were measured using a NanoDrop™ ND-8000 spectrophotometer (Thermo Fisher Scientific, Inc., Wilmington, DE, USA). Additionally, RNA integrity was assessed by electrophoresis on a 1.2% agarose gel, by resolving the 28S and 18S ribosomal RNA bands. The samples were stored at -70˚C until further use.
cDNA synthesis and PCR. Total RNA was reverse transcribed into cDNA using the Murine Leukemia Virus Reverse Transcriptase of the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.), at 45˚C for 60 min and 70˚C for 5 min, according to the manufacturer's instructions. Subsequently, semi-quantitative PCR reactions were performed using Platinum™ Taq polymerase (Invitrogen; Thermo Fisher Scientific, Inc.). SLC5A8 amplified fragment extends from the terminal portion of exon 1 to exon 2, encompassing a 229-bp region. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min, followed by 40 cycles of 95˚C for 30 sec, 56.4˚C for 30 sec and 72˚C for 30 sec, and a final extension step at 72˚C for 10 min. β-2 microglobulin was used to assess the quality (integrity and concentration) of cDNA under the same amplification conditions, with the exception of the annealing temperature (60˚C) and the number of amplification cycles (30 cycles). Following amplification, the PCR products were analysed by 1.8% agarose gel electrophoresis and the products were visualized by ethidium bromide staining. The full list of primers is included in Table I .
In order to assess the relative expression of SLC5A8 among the TTs, the cDNA was assayed and normalized against β-2 microglobulin under the same thermocycling conditions mentioned above (30 cycles for both). The PCR products were analysed by 1.8% agarose gel electrophoresis by ethidium bromide staining. Images were acquired with GeneSnap version 7.02 software (Syngene Europe, Cambridge, UK) and the band intensities were measured with ImageJ software version 1.46 (National Institutes of Health, Bethesda, MD, USA). The samples that exhibited undetectable SLC5A8 were set as the negative reference. The ratio between SLC5A8 and β-2 microglobulin intensity was determined for each sample, with values ranging from 0 to 1. The SLC5A8 expression classification was based on the following threshold values: 0, null; 0.25, low; 0.5, medium; and 1, high.
DNA isolation and sodium bisulphite modification assay.
Genomic DNA was isolated from cells using the Wizard Genomic DNA Purification kit (Promega Corporation, Madison, WI, USA), as per the manufacturer's protocol. The DNA concentration and integrity were assessed by absorbance measurements and agarose gel electrophoresis. Following isolation, the genomic DNA from the cells and tissues was bisulphite-modified using the EZ DNA methylation kit (Zymo Research Corp., Irvine, CA, USA). The modified DNA was kept at -20˚C until further use in PCR amplification processes for detecting methylation.
Methylation-specific PCR (MS-PCR).
MS-PCR was used as a quick assessment of whether SLC5A8 is target of methylation in CC cell lines. Initially, the SLC5A8 gene sequence was introduced into the EMBOSS CpGplot (http://www.ebi. ac.uk/Tools/seqstats/emboss_cpgplot/) and the Methprimer software (www.urogene.org/methprimer) to search for potential CGIs and to obtain two primer pairs specific for binding either methylated (M-SLC5A8) or unmethylated (U-SLC5A8) bisulphite-converted DNA. Independent PCRs were performed with each set of primers (Table I ) using the Platinum Taq polymerase. The amplification conditions were as follows: Initial denaturation at 94˚C for 5 min, followed by 40 cycles of 94˚C for 45 sec, 56˚C for 45 sec and 72˚C for 45 sec, and a final extension step at 72˚C for 10 min. DNA from HCT116 and 293 cells was included as the methylated and unmethylated controls, respectively. Following amplification, the PCR products were analysed by 1.8% agarose gel electrophoresis.
Bisulphite-sequencing analysis. Sequencing analysis of bisulphite-treated DNA was used to determine the methylation density of a 379-bp region within the SLC5A8 CGI. The primers for targeting the bisulphite-modified sequence of SLC5A8 are listed in Table I and the PCR thermocycling conditions were: Table I . Sequences of the primers used for RT-PCR, MS-PCR and bisulphite-modified sequencing.
Primer name
Sequence Amplicon size, bp
RT-PCR, reverse transcription polymerase chain reaction; MS-PCR, methylation-specific polymerase chain reaction; SLC5A8, Na + -coupled monocarboxylate transporter 1; β2M, β-2 microglobulin; M-SLC5A8, methylated SLC5A8; U-SLC5A8, unmethylated SLC5A8; bsSLC5A8, bisulphite-modified SLC5A8; F, forward; R, reverse.
Initial denaturation at 95˚C for 5 min, followed by 40 cycles of 95˚C for 45 sec, 61˚C for 60 sec and 72˚C for 45 sec, and a final extension step at 72˚C for 10 min. The PCR products were verified by 1.5% agarose gel electrophoresis. Successful amplification products were immediately purified using the QIAquick PCR Purification kit (Qiagen GmbH, Hilden, Germany), ligated to the pJet1.2 vector using the CloneJET PCR cloning kit (Thermo Fisher Scientific, Inc.) and transformed into competent DH5α bacteria. The transformed bacteria were plated on agar containing selective media. For each sample, 3-5 random colonies carrying the target DNA were selected and grown in lysogeny broth medium (Invitrogen; Thermo Fisher Scientific, Inc.). The plasmids were extracted with the QIAprep Spin Miniprep kit (Qiagen GmbH), and the DNA was sequenced using a BigDye Terminator v3.1 Cycle Sequencing kit and an ABI PRISM ® 310 Genetic Analyzer (both from Thermo Fisher Scientific, Inc.). The BiQ Analyzer software version 2.0 (21) was used for processing the DNA methylation data and generating the CpG methylation diagrams.
Measurement of global methylation.
To calculate the global CpG methylation, a score was assigned to each site, in terms of the number of methylated and unmethylated cytosines at a given position, considering the total alleles analysed from each sample. The score was assigned as follows: Uniformly methylated (m)CpG site, 2; uniformly unmethylated CpG site, 0; semimethylated CpG site, predominantly methylated, 1.5; and semimethylated CpG site, predominantly unmethylated, 0.5. The score of each CpG site was added and divided by 90 (total number of analysed sites x maximum score = 45x2), and the result was multiplied by 100.
Measurement of mCpG density. Based on the total sequenced clones, a CpG site was considered to be methylated when the number of alleles exhibiting methylation at that position was greater than the number of unmethylated alleles. The density of mCpG sites in the sequenced region was calculated as follows: Number of mCpGs x 100/total number of CpGs sampled (45 sites).
In vitro demethylation and HDAC inhibition in CC cells.
Stock solutions of 100 mM 5-aza-2'-deoxycytidine (5-azadC) and 1 mM trichostatin A (TSA) (both from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) were prepared by dissolving the reagents in dimethylsulphoxide (DMSO) for cellular treatments. The cells were seeded and allowed to recover overnight. Subsequently, 5-azadC was added to the complete growth medium at a final concentration of either 10 µM (HeLa, SiHa and CaSki cells) or 20 µM (CaLo and C-33A cells). Mock-treated cells with DMSO were used as controls. Cell culture medium containing fresh 5-azadC or DMSO was changed every 24 h for 4 days. Cells cultured with or without 5-azadC were treated for 24 h with 0.8 µM TSA (final concentration) on day 5. The same experimental conditions were run with 1 mM pyruvate (Gibco; Thermo Fisher Scientific, Inc.) added to the growth medium. The cells were harvested following the treatments and RNA was extracted for reverse transcription (RT)-PCR analysis as described above.
Statistical analysis. Differences in the mCpG density among the NCT and TT clusters with different SLC5A8 expression levels were evaluated by a Kruskal-Wallis test with Dunn's post hoc analysis, using the GraphPad Prism software programme, version 6.00 (GraphPad Software, Inc., La Jolla, CA, USA). Differences with P<0.01 were considered to be statistically significant.
Results

SLC5A8 expression is repressed in human CC cell lines.
The present study aimed to characterize the expression of SLC5A8 in CC. Hence, 5 CC cell lines (HeLa, CaLo, SiHa, CaSki and C-33A) along with NCTs, were analysed by semi-quantitative RT-PCR. Additionally, the embryonic kidney 293 and colon cancer HCT116 cells were used as positive and negative controls of SLC5A8 expression, respectively. As demonstrated in Fig. 1 , the SLC5A8 transcript was detected in the NCT. In contrast, SLC5A8 was not detected in any of the analysed CC cells.
SLC5A8 is epigenetically silenced in CC cell lines.
Given that aberrant DNA methylation has been identified to be responsible for the repression of SLC5A8 in various types of cancer, this prompted the question of whether this epigenetic regulation is occurring in CC. To this end, an in silico analysis was performed to determine the precise CGI location. According to the EMBOSS CpGplot software, using the criteria of >50% CpG content and a ratio of observed/expected CpG >0.6, SLC5A8 was revealed to contain a dense CGI spanning 576 bp in exon 1 (Fig. 2A) . The identified CGI Figure 1 . SLC5A8 mRNA levels are undetected in human cervical cancer cell lines compared with NCT samples. SLC5A8 mRNA expression (top) was detected in representative cervical cancer cell lines (HeLa, CaLo, SiHa, CaSki and C-33A) and NCTs by reverse transcription and polymerase chain reaction analysis. The expression of β2M (bottom) was used as endogenous reference control. HEK and HCT were used as positive and negative controls of SLC5A8 expression, respectively. SLC5A8, Na + -coupled monocarboxylate transporter 1; NCT, non-tumour cervical tissue; β2M, β-2 microglobulin; HEK, 293 cells; HCT, HCT116 cells; WM, weight marker; Neg, no template control.
comprises the 5'-untranslated region (5'-UTR) and the beginning of the coding region, from nucleotide position +12 to +587 relative to the transcriptional start site (TSS) annotated on the Eukaryotic Promoter Database (http://epd.epfl. ch/human/human_database.php?db=human), using accession nos. SLC5A8 or NM_145913. Based on this result and using the Methprimer software, a 100-bp subregion (between nucleotides +430 and +530) was selected to determine whether DNA methylation was implicated in the downregulation of SLC5A8. The presence of methylation in 7 CpG dinucleotides along the primer binding sites was assessed by MS-PCR analysis, using genomic DNA that was previously modified by bisulphite treatment for the selective conversion of cytosines to uracil, without affecting the 5-methylcytosines (22) . HCT116 cells, known to contain a fully M-SLC5A8, were used as a positive control for methylation, and 293 cells were used as a negative control. This screening detected methylated CpG sites within the SLC5A8 CGI in the 5 analysed CC cell lines, as well as in the NCTs. However, the CC cell lines displayed a preferential amplification of the M-SLC5A8 allele, whereas the U-SLC5A8 allele was amplified to a greater extent in the NCTs (Fig. S1 ). Based on these results, it is feasible that the predominant amplification of the methylated allele in the CC cell lines is associated with the absence of SLC5A8 gene expression.
Next, bisulphite-sequencing analysis was conducted to explore whether methylation was limited to a few CpG sites, or if most of the SLC5A8 CGI was hypermethylated. A 379-bp target region was selected for evaluating the precise methylation status of 45 CpG sites in individually cloned DNA molecules (Fig. 2A) . In the diagram of the bottom panel (Fig. 2B) , each row reflects the epigenetic profile of an allele (epigenotype). The 293 and HCT116 cells were included as unmethylated and methylated controls, respectively. The On the right, the pie chart displays the distribution of the tumour samples, according to the level of SLC5A8 expression. SLC5A8, Na + -coupled monocarboxylate transporter 1; β2M, β-2 microglobulin; Neg, no template control. sequencing data confirmed that the 5 non-SLC5A8-expressing CC cell lines (HeLa, CaLo, SiHa, CaSki and C-33A) exhibit aberrant methylated epigenotypes, in sharp contrast to the unmethylated profiles of the NCTs. In spite of the different patterns of CGI methylation in the CC cell lines, a common region of almost fully methylated CpG sites was observed among all the sequenced alleles of the cell lines (sites 13-32; Fig. 2B ).
Aggregated methylation maps of the clones were used to weigh the relative contribution of each CpG site to the methylation status and to calculate the global methylation percentages of the samples. This analysis revealed that the NCTs exhibited a global methylation level <7%; whereas HPV16-positive SiHa and CaSki cells displayed the highest methylation levels (>80%), followed by HPV18-positive HeLa and CaLo cells (>65%); and HPV-negative C-33A cells (62%) (Fig. S2) . These results indicate an association between SLC58A transcriptional repression and the aberrant methylation status of the analysed 379-bp region.
Inhibition of DNA methylation and histone deacetylation contribute to the upregulation of SLC5A8.
Since the epigenetic silencing by DNA methylation is often accompanied by repressive histone modifications, the effects of hindering DNA methylation and histone deacetylation on the expression of SLC5A8 were investigated. Therefore, the CC cells were treated with DNMT inhibitor 5-azadC and/or HDAC inhibitors TSA and pyruvate. Following the drug treatments, RT-PCR was performed to determine whether SLC5A8 was expressed. Preliminary experiments were performed using 10 µM 5-azadC treatment for all the cell lines (data not shown). However, in some cell lines, a higher concentration was required to observe an effect on SLC5A8 expression.
As demonstrated in the panels of Fig. 3 , exposure to 5-azadC alone was sufficient to restore the expression of SLC5A8 in the HeLa, SiHa and CaSki cells (Fig. 3A-C) . On the other hand, TSA exposure did not modify the silenced state of this gene in any of the cell lines. Whereas the separate individual treatments failed to induce the transcription of SLC5A8 in the Figure 5 . SLC5A8 expression is associated with first exon DNA hypermethylation in cervical cancer tissues. (A) Plot of the density of mCpG sites along the SLC5A8 CGI in cervical cancer samples from individual patients. The mCpG density was calculated from the data of 3-4 sequenced clones for each sample. The categories of the TTs (n=27) were based on their SLC5A8 mRNA expression levels (high and medium expression, n=8; low expression, n=8; and null expression, n=11). Additionally, 6 NCT samples were used as references. ** P<0.01 and *** P<0.001. (B) Diagram summarising the bisulphite-sequencing results of the SLC5A8 CGI in TTs and NCTs, generated by BiQ Analyzer software. Each row represents the methylation profiles of all the clones in each cluster (+, high and medium SLC5A8 expression; +/-, low expression; -, undetectable expression). The boxes represent each of the CpG sites analysed and the colour ratio corresponds to the proportion of methylated and unmethylated sites at that position. The colour code and score were assigned as follows: Uniformly mCpG site (yellow box; score, 2), uniformly unmethylated CpG site (blue box; score, 0), semimethylated CpG site, predominantly methylated (mainly yellow box; score, 1.5), and semimethylated CpG site, predominantly unmethylated (mainly blue box; score, 0.5). SLC5A8, Na + -coupled monocarboxylate transporter 1; mCpG, methylated CpG; CGI, CpG island; TT, tumour tissue; H&M exp, high and medium expression; Low exp, low expression; Null exp, undetectable expression; NCT, non-tumour cervical tissue; UTR, untranslated region.
CaLo cells, the combination of 5-azadC and TSA displayed a synergistic effect in the induction of its expression (Fig. 3D) . In contrast, none of the treatments led to SLC5A8 detection in the C-33A cells (Fig. 3E) . Similar effects were observed in the presence of pyruvate. The expression of SLC5A8 was reactivated in the HeLa, SiHa and CaSki cells by 5-azadC and in the CaLo cells by 5-azadC/TSA (Fig. 3F-I) ; although there was even a reactivation of SLC5A8 in the SiHa cells following exposure to TSA (Fig. 3G) , and in the C-33A cells following exposure to 5-azadC/TSA (Fig. 3J) . These results suggest that various factors contribute to the epigenetic silencing of the SLC5A8 gene in the CC cell lines, since this repression is reversed upon exposure to inhibitors of DNA methylation and histone deacetylation, which seem to be more effective in combination.
SLC5A8 gene is frequently repressed and aberrantly methylated in cervical
TTs. The present study further aimed to analyse whether SLC5A8 repression is a frequent event in clinical CC specimens. For this purpose, total DNA was extracted from a panel of 30 TTs from patients with CC in order to characterize their distinct HR-HPV genotypes, tumour stages and histological conditions (Table II) . Among the different HPV genotypes, types 16 (26.7%) and 45 (23.3%) were the most prevalent, followed by the 59 (16.7%) and 18 (13.3%). In addition, the coinfection prevalence (30%) was lower than monoinfection (60%) among the samples. The majority of the samples were classified as FIGO stage IIB.
Total RNA was isolated from the TTs, and following RNA quality assessment, SLC5A8 expression was examined in 29 samples using RT-PCR (Fig. 4) . Differential SLC5A8 gene expression was observed among the TTs. Samples expressing SLC5A8 were significantly different to the samples with a repressed SLC5A8 expression (P<0.0001). Overall, 10 of the TTs (34.5%) have medium and high levels of SLC5A8 expression. Of the remaining 19 samples (65.5%), 8 displayed downregulated SLC5A8 expression (27.6%) and SLC5A8 was completely repressed in 11 TTs (37.9%).
Subsequently, detailed DNA methylation analyses were performed in 27 of these clinical samples with sufficient DNA quantity, to test whether SLC5A8 downregulation is associated with aberrant methylation of the same region analysed in the CC cell lines. Hence, genomic DNA extracts from the TTs were used for bisulphite treatment and sequencing analysis, while 5 additional NCTs were examined as reference samples. The profiles of the individual alleles are demonstrated in Fig. S3 , where the NCTs are presented in one cluster and the TTs are grouped into three clusters, depending on their level of SLC5A8 expression: Medium/high, low and null. Considering these sequencing profiles, the density of mCpG sites in the SLC5A8 CGI was calculated for each sample. The derived data confirmed a low density of mCpG sites in the NCTs. Out of 27 TTs, 12 exhibited <40% mCpG density, and are therefore considered unmethylated tumours, and the remaining 15 TTs are regarded as methylated tumours (Fig. 5A) . In addition, a Kruskal-Wallis test was used to compare the average methylation values of each cluster, demonstrating statistically significant differences between the cluster of TTs with null SLC5A8 expression and the TTs with high/medium SLC5A8 expression (P<0.01) and the NCTs (P<0.001).
The aggregated profiles of the cervical TTs reflected the increase of M-SLC5A8 epigenotypes as the expression of the transporter decreased in the clusters (Fig. 5B) . The majority of the CpG sites in the cluster of TTs with high or medium levels of SLC5A8 expression displayed low levels of methylation, similarly to the NCTs. The global methylation level of this TT cluster was ~25%. The aggregated profile of the TTs with low SLC5A8 expression reflected the mixture of unmethylated and methylated alleles, where the increase of the mCpG sites contributed to a global methylation value of 37%. On the other hand, the cluster of TTs that did not express SLC5A8 exhibited a majority of heavily methylated CpG sites, with the highest global methylation level (74%). In general, these findings suggest that SLC5A8 hypermethylation is a frequent event that not only takes place in the CC cell lines, but is also present in cervical tumours, and may be involved in its silencing.
Discussion
The present study investigated SLC5A8 expression and its potential epigenetic silencing in CC, considering that SLC5A8 is a component of a broad underexplored family of transmembrane transporters with high disease relevance (23) , and the particular nature of this viral-induced cancer. Furthermore, SLC5A8 silencing has been described in a number of tumour types, including colon, pancreas, brain and breast cancer, as well as acute myeloid leukemia (9) (10) (11) , and its downregulation may be required for the metabolic reprogramming in transformed cells, an emerging hallmark of cancer (15) .
The present results suggest that SLC5A8 transcriptional inactivation is a common event in CC. It was first demonstrated that SLC5A8 is expressed in NCTs, which is in agreement with the transcript expression evidence reported recently in the Nextprot database (https://www.nextprot.org; accession no. NX_Q8N695). On the other hand, the transporter was undetected in 100% of the CC cell lines analysed and heterogeneously expressed in TTs, where 65.5% of the samples exhibited completely suppressed or downregulated expression. This percentage is higher than that reported in similar studies, including one performed on lung cancer, with decreased or lost expression of SLC5A8 in 39% of TTs (24), or one on prostate cancer, where the gene was downregulated in 60% of TTs (25) .
CGIs in the promoter regions of several genes, often extending into the 5'-UTRs and downstream into the coding region, are particularly susceptible to abnormal gains of CpG methylation leading to their silencing in a cancer type-specific way (26) . In the CC cell lines, MS-PCR screening allowed the detection of mCpG sites within the CGI identified in exon 1 of SLC5A8. MS-PCR is a rapid and cost-effective tool to investigate the DNA methylation status of CpG sites (27) , but despite its high sensitivity and specificity (28) , it can assess the methylation status of only a small number of CpGs; consequently, it cannot accurately reflect the level of DNA methylation along a target region. In addition, there is a risk of false-positive results due to mispriming (27, 29) . Therefore, through bisulphite-sequencing, individual DNA methylation maps of the transporter CGI were generated, and their methylation levels were characterized. The unmethylated profiles of the NCTs contrasted with the methylated profiles of the 5 CC cell lines, which yielded similar epigenotypes depending on the type of HPV (18, 16 or negative). The methylation status of a 'mini' CGI (<200 bp) upstream of the TSS was further examined (data not shown), since it is situated in a region described by Zhang et al (30) as essential for the promoter activity of SLC5A8 in 293T cells. However, non-homogeneous patterns or coincidentally methylated CpG sites in this region were observed among the cell lines. These results imply that methylation over the CGI in the first exon region may have a higher impact on the regulation of SLC5A8 transcriptional expression, as observed for the first exon of the α2(I) collagen gene (31) . This is also consistent with the findings of Brenet et al (32) regarding the closer linkage of gene transcriptional silencing with DNA methylation downstream of their TSSs, within the first exon, than with methylation in the upstream promoter regions, which is more variable and less strict.
The silencing associated with DNA hypermethylation may be a product of either the direct inhibition of transcription factor binding to specific CpG dinucleotides or mediated by the attraction of methyl-binding domain proteins that, in turn, hinder the access of regulatory elements to the DNA and restrain transcription (33) . Whereas certain differences were observed among the SLC5A8 methylation patterns of the CC cell lines, one block of CpG sites in the 5'-UTR (sites 13-32; position +245 to +356) emerged as being almost uniformly methylated. Consequently, it is speculated that the absence of SLC5A8 expression is largely influenced by dense methylation in this block of 20 CpG dinucleotides. Along these CpGs, a computational prediction using the Genomatix software (https://genomatix.de/) identified the consensus binding sites for the methylation-sensitive transcription factor E2F and transcriptional repressor CTCF (34, 35) ; however, further experiments are required to determine the role of these transcription factors in the regulation of SLC5A8 expression.
Clinical cervical TT specimens are mixtures of various cell types: Cancer cells, adjacent normal cells, stromal cells and infiltrating cells. Hence, the bisulphite-sequencing of these samples outlined more diverse epigenotypes of SLC5A8 CGI than those of the cell lines, ranging from unmethylated to completely methylated profiles. The trend in the TTs expressing SLC5A8 was to exhibit unmethylated profiles. Nearly all the non-SLC5A8 expressing TT profiles harboured a high density of methylation, resembling those of the CC cell lines, and suggesting that methylation of SLC5A8 is predominantly biallelic. The tumours with low levels of SLC5A8 expression featured larger variations in their profiles and may represent the transition from an active unmethylated state to an inactive methylated state, as previously demonstrated in the development of methylation of the p16 tumour suppressor gene, via a 'seeding' of methylation in a subset of CpG sites (36) . A subsequent expansion of this epigenetic mark to adjacent sites occurs, until the hypermethylation level required for the stability of transcriptional repression is reached (37) . Notably, a small number of cervical TT samples with downregulated SLC5A8 expression were not methylated in the transporter sequence, suggesting alternative genetic or epigenetic mechanisms not yet identified, e.g. microRNAs (miRs) targeting SLC5A8. However, for the majority of the CC samples, a higher presence of M-SLC5A8 alleles was associated with the suppression of the gene expression.
It is considered that CpG-rich promoters are negatively regulated by DNA methylation, but histone deacetylation also exhibits a crucial participation in methylation-induced gene silencing. Consistent with this idea, a demethylating agent (5-azadC) and HDAC inhibitors (TSA and pyruvate) were used to determine whether DNA methylation, histone modifications or their combination influenced SLC5A8 repression in CC cell lines. The difference in the effectiveness of these treatments may be indicative of the hierarchy of the two epigenetic mechanisms in dysregulating this transporter. 5-azadC alone was sufficient to restore SLC5A8 mRNA expression in HeLa, SiHa and CaSki cells, which displayed the most densely methylated profiles. This consistency between the inhibition of methylation and the reactivation of SLC5A8 expression indicates that DNA methylation functions as the main epigenetic lock of the SLC5A8 silenced state in these cells. Conversely, in the CaLo cells, SLC5A8 repression was only reversed by the combination of 5-azadC and HDAC inhibitors. This reveals the active contribution of histone deacetylation in the silencing process of SLC5A8, compensating for the lesser DNA methylation status in these cells. Notably, in the C-33A cells, the only tested cell line containing mutant p53 (R273H), M-SLC5A8 was scarcely modified following exposure to 5-azadC, alone or combined with TSA or pyruvate. According to these results, HPV-CC cells were more sensitive to 5-azadC than C-33A cells.
In the absence of 5-azadC, the impact of TSA and pyruvate suggests that they may primarily require a partially unmethylated SLC5A8 CGI in order to be able to exert an effect on transcriptional activation. An apparent synergy was observed among pyruvate, 5-azadC and/or TSA, which in combination increased the recovery of SLC5A8 expression in SiHa and in C-33A cells. This synergism was confirmed by performing quantitative RT-PCR in HeLa cells (data not shown). Thorough investigations are required to analyse potential use of pyruvate as a cancer therapeutic agent, considering that it predominantly inhibits class I HDACs, which are overexpressed in cancer and their inhibition often leads to selective apoptosis and growth arrest of tumour cells (38) . Furthermore, since pyruvate is a high-affinity SLC5A8 substrate, its SLC5A8-mediated entry represents an alternative for the reversion of the altered metabolic profile (Warburg effect) observed in cancer cells, which maintain low levels of pyruvate through its conversion into lactate, in order to prevent HDAC inhibition and apoptosis induction (13, 15) .
A question that arises from the present study is the identification of other mechanisms that may be promoting the effects of 5-azadC on the reactivation of SLC5A8. It is hypothesised that 5-azadC promotes SLC5A8 demethylation by direct interference with DNMTs, particularly with DNMT1, which has been identified as responsible for the epigenetic silencing of SLC5A8 in colon and breast cancer studies (11, 12) . It is also plausible to consider that DNMT1 serves a dominant role in the epigenetic silencing of SLC5A8 in CC, since HPV-encoded E6 and E7 induce its expression (17) . Therefore, the 5-azadC-induced SLC5A8 reactivation may be fostered by a complementary mechanism that involves the inhibition of the E6 and E7 oncogene expression in HPV-positive CC cell lines (39) . As for the latter, previous studies indicated that miR-375 is often silenced by promoter hypermethylation in HPV-transformed CC cell lines, CIN3 and squamous CC cells (40) , and Stich et al (41) recently reported that the restoration of its expression following 5-azadC treatment was linked to the decrease in E6 and E7 transcripts. A decrease in E6 expression contributes to an increase in wild-type p53 (39, 41) and a decrease in the global 5'-methylcytosines levels, since wild-type p53 binds to transcription factor SP1 and chromatin-remodelling proteins to repress the DNMT1 promoter activity (42) . On the contrary, in C-33A cells, the R273H p53 mutant cannot repress the promoter of DNMT1 as strongly (42) , exerting a minor impact in demethylation. Therefore, aberrant DNA methylation and the R273H p53 mutant may contribute to maintaining the SLC5A8 silenced state.
Throughout the present study, the results highlight the role of DNA hypermethylation as a key epigenetic regulator of SLC5A8 gene transcription in CC cell lines and in primary cervical tumours; likewise, histone deacetylation takes part in the regulation of the transporter gene, but the contribution of the two mechanisms to its silencing vary depending on the cell line. In HPV-CC, 5-azadC is particularly beneficial since it upregulates SLC5A8 expression and, in parallel, may downregulate E6 and E7 expression. As for other tumour types, no reports exist confirming that somatic SLC5A8 mutations are a frequent event in CC, whereas the hypermethylated behaviour of this gene coincides with that previously observed in different cancer types, including colon cancer, acute myeloid leukemia, glioma and lung cancer (8, 9, 24, 43) . A previous study identified that upregulation of SLC5A8 for cancer therapy, using DNA methylation inhibitors, could increase the response to other anticancer drugs that use the transporter for entry into tumour cells, including dichloroacetate, which is capable of inducing tumour-cell selective apoptosis, resulting in the suppression of tumour growth (44) . These observations suggest that the restoration of SLC5A8 expression may help therapy efforts in CC. Furthermore, preliminary results suggest its potential function as a tumour suppressor in CC, but additional studies are required to validate the possible implication of SLC5A8 in CC development, as a biomarker or therapeutic target in this malignancy.
